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1. INTRODUCTION

'Tne shearing of explosive materlals nnder pressute Is an cffective wiy 0 produce locatized hieating
Gy viscoplastic werk concentrated n a smull reglon of the deforming explosive, This lucalized heating
can cause the explosive to react relcasing additional heat to accelerute the roaction, In an carller paper,
we described the resuits obtained when a small cylinder of explosive was pressurized within heavy steel
confinement and then allowed to slide against the stecl confinement (Boyle, Frey, and Blake 1989); in a
similar arrangement, we investigated cxplosive on explosive shear by punching a plug from the pressuriz¢d

explosive cylinder. In those experiments, we demonstrated that the ignition threshold depends on both

pressure and shear velocity. Those cxperiments had a relatively long duration of about 1 ms, a maximum
pressurc of about 1.0 GPa, and a maximum shearing velocity of about 80 m/s; the pressure and shear
velocity varied during the course of the experiment. The risc time to peak pressure was several hundred
ps. Also the shear localization was not well defined so the local strain rate could not be deicrmined. In
the experiments reported here, we have attempted to study wuie ignition of several explosives as they were
impacted under conditions that would cause the explosive sample to shear in a known manner under the
high pressure of the impact. A maximum pressure of 1.3 GPa was reached with a strain rate of about

50,000 per second over an explosive layer 0.6 mm thick.

2. EXPERIMENTAL APPROACH

In order to obtain well-defined conditions for pressure-shear impact on explosive, we adapted a
technique doscribed by Abou-Sayed, Clifton, and Hermann (1976), Kim and Clifton (1980), and Li and
Clifton (1981). In this technique, one-dimensional combined pressure shear waves were generated in a
flat target plate by the impact of a flat, high acoustic impedance flyer plate; both the flyer plate and the
target plate were inclined at an angle to the velocity vector of the flyer plate in order to produce a shear
component of particle velocity in the impacted target. The impact occurred simultaneously at all points
of the flyer-target interface. In addition, a high acoustic impedance anvil supported the target plate. The
flyer plate and anvil have higher acoustic impedance than the target plate in order to prevent unloading
of the target by reflection of waves at the target interfaces. This arrangement is illustrated in Figure 1 for
the flyer plate impacting a target at 30° obliquity. A gas gun was used to accelerate the flyer plate.
Details of the gas gun and projectile are shown in Appendix A. From Figure 1, it can be seen that the
flyer plate velocity has a component normal to the target plate, V, and a component parallel to the target
plate, V.. These components can be calculated as follows:
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V,=V {(cos a),

V,=V (sina), )

wherg V i the Nycer plate veloclty and a is the angle of obliquity of the flyer plate with respect to the
Iatget plate (the angle batween the fiyer plate velocity and the normal to the target plate). Upon impact,
the normal component of ne flyer plate velocity generates a stress wave in the target; this stress wave is
reflected between the high impedanc: boundarics scveral times until the target rezches a state of uniform
prens degnnined by tho fiyer plate velocity and the material properties of the flyer plate, target plate, and
envil. Lihewhe, the perullol comporent of flyer plate velocity, by its traction with the target surface,
ptadus ¢ A phear wave in e targel which, afier several reverberations, induces a state of uniform shear.

The sttain rate espon inted with thia shear Is determined by the parallel component of flyer plate velocity;

the mawsie) propenies of the fiyer plaic, target plate, and anvil; and the thickness of the target plate.

A igh ypeed Traming camers, Cordin Model 192, was operated at half speed, 2,500 rps, in its
nayvchtunous mode i onder to rcord the impact of the flyer plate on the explosive target; this impact
e ab viewsd thesugh a 8 mum-thick trangparent anvil, The camera records 80 frames, and the interframe
e o iy aj=wd v appronimately 1,7 pa, However, we were usually Limitzd to about 15 ps of
vlaet ey otivm aher Impact because the free surface of the anvil became opaque shortly after the elastic wave
sirivaed Umr  Two eaploaive Jight sourcos (srgon hombs) were used to flluminate the explosive surface
being viewsd by the camenn ‘1w argon bombs consisted of a volume of argon gas inside a conical
caidimaid contadier with s aluminized, refiecing inner surface; the cuntalner was sealed at the larger end
by ¢ Umrupeicid whindow of Naran Wiap. A MX)-g Comp B explosive charge was taped inside the smaller
erd Wi the eaploatve Chmre I detonuied, 8 mrong shock wave is produced in the argon causing it
tw dond sevd oo Digh v oty Dighv e (he shock wave progresses through the argon. For the
M) s bynng epen baninbn ysed In thea teats, we had sufficlent light to record for approximately 60 ps.

w i unld b memoved o e Jhamtxr when necessary, Figure 2, In practice, we cnded up welding
de- vdit 15 Phase I oider W ubiain 8 more tgid struciure and Improve the simulianclty of impact. An
eeygi< b Ngesie Wik several degrven of Nivedom was used (o hold the anvil and explosive target and align
Uax with Un fee ul e piujectile A g Nlled catcher tank way uxed 10 caich the projecile and some

ul e thper e YiE eapmotmental arrungeenent 1s shown in Figure i

)
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In the experiments reponied here, the straln rale in the caplosive (arget can he caliulatgd 3
(Vo= Vi /1., 8]

where V’ and V,, src the components of the projectile velochy and the anvil veloity paraliel w0 the
interface afier impact and x is the origina thickncss of the explosive sample. This calcultion ix ahown
in Appendix B.

In order to calculate the stress in the explosive sample, we amsumed thal the fiyer plate and the anvil
remained cluatic during the impact and, afier several reverberationa, the expiosive attained a stican level
cqual to what would be schieved by the Impact of the fiyer plate directly on the anvil, With these
assumptions and the requircment that the panticle velocily and preasure remain equal at the flyes plate-anvil
interface, we were able to calculute the siress in the explosive. For a stec) flycr platc and a glass anvil,
the pressure i the expliosive can be calculnied (see Appendix C):

Pyw (pUp (p, U YV, /(P + U

where

P, s the pressure in the explosive sample, dyncu‘cm2
(10'% dynes/cm? = 1 GPa » 10 kbars)

py is density of the flyer plate, g/em®

p, |s density of the anvil, g/em?

V, is the normal component of flyer plate veloclty, cm/s

U, Ix the clastic wave velocity In the flyer plate, cm/s

U, is the clastic wave veloclty in the anvil, cmys,
Table 1 lists the relevant material properties for the flyer plates and anvils described in this repont.
‘Table 2 lists the cxperimental data for the tests which are being reported here.

Using the data from Table 2, we were able to calculate the strain rawe (Appendix B) and pressure
(Appendix C) in the explosive sample, These values, as well as the impact simultancity along the
projectile/target interface, are listed in Table 3, We should comment that the calculated steain 1ate depends
on the value assumed for viscosity, The effect of changing the viscosity is shown in Appendix B,
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Tablc 1. Matertal Pruperties of Flyer Plates and Anvils

C soel, 1020 $.96 % 10°

 aluminum, 2004T4 6.30 x 10°

e 1 23 564100
o amx10t

¢ The glass, & water white borosilicats, was used aa an mnvil; 1t was sctally a Jaminate consisting of Tour giass and tes plasio
plies. The overall thickness was 2 In, mnd the individual glass plies werr 0.3 In k. The plaaiic plies ware polyviny] butyryl,
0.013 in thick.

Tuble 2, Experimental Data for Teats

Fyer Plate
Velocity Explosive Sample
o (in/s)
1| e uminum 47 lmm TNT
2 fiat, umingm | 148 1-mm TNT Plexigis |
3 | nw, duminum 174 C LmmTNT | Plexiglu 4
4 angled, aluminum - 1-mm TNT Plexiglas
bﬂ angied, aluminum 148 lmn; DS Plexiglas I
__"m(: flat, steel o 132 | - rl-mm DS glass
7 o, moel 2 | tmmDS glass
8 mglcd: sieel 125 f-mm DS glass '
9 angled, seel 145 1-mm DS glass “
10 flat, lwclr 7 — 1-mm DS glass ‘,;-_.;_; g
| angled, steel 153 I-mm DS glass “
12 flat, kel 43 |  lmmDs glass
. NOTE: DS = Dntashest is an explosive made by the DuPont Compeny; it contains 63% by weight PETN, 8% nitrocell-

ulose, and 29% scetyltributylcitrate. It denaity was about 1.48 g/em?,
TNT w cast TNT of demaity 1.60 g/em’.




Table 2. Experimental Data for Tests (continued)

Flyer Plae

flat, steel

Flyer Plate
Velocity
(m/s)

Explosive Sample

1-mm DS

angled, steel

1-mm DS

angled, steel

1-mm DS

angled, steel

1-mm DS

angled, steel

1-mm DS

angled, steel

1-mm DS

1-mm DS

flag, scel

1.mm DS

1-mm DS

flat, steel

1-mm DS

fiat, steel

1-mm DS

flat, stoel

1-mm DS

flai, steci

0.5-mm Pent.

angled, stec!

0.5-mm DS

flat, steel

0.6-mm DS

angled, stecl

0.6-mm DS glass

angled, stecl

0.6-mm DS glass

angled, steel

0.6-mm DS

: DS = Detasheet is an explosive made by the DuPont Compmg; it contains 63% by weight PETN, 8% nitrocellulose
and 29% acetyltributylcitrate. Its density was about 1.48 g/em”, .
Pent. = cast Pentolite (50% PETN/50% TNT) of density 1.67 g/em®.




Table 3. Pressure, Strain Rate of Explosive, and Impact Simultaneity

—— — i
Pressure Strain Rate® Impact Simultaneity
(GPa) (1/s) (ps)

1 0.39 0 — J_I

2 0.40 0 — |

3 047 0 12

S===—=

5 0.35 35,000

6 1.31 0 — |

7 124 0 15 |

8 1.07 31,000 — |

9 1.25 16,000 —

: : . —

1 131 18,000 20

12 1.42 0 _

13 1.43 0 2

14 127 37,000 10

15 123 36,000 10

: : - —

17 — — —

18 1.03 29,000 3 j

19 1.26 0 0 |

20 0.78 0 —

21 0.88 0 0 i

22 0.56 0 — i

23 0.57 0 2 I

® This is for the strain rate calculated assuming a viscosity of 50,000 poise and a yield strength of 035 x 10° dynes/cm?

for Detasheet.




Table 3. Pressure, Strain Rate of Explosive, and Impact Simultaneity (continued)

Shot No. Pressure Strain Rate* Impact Simultaneity
(GFa) (14s) (us)
S

24 1.02 0 s

25 0.68 0 4

26 1.31 49,000 10

27 0.63 0 8

28° 0.36 10,000 7

20b 0.33 9,600 —_

30 0.51

3 This is the strain rate calculated sssuming a viscosity of 50,000 poise and a yield strength of 0.35 x 10° dynes/cm? for
Detasheet.
b For these shots, an IR detector monitored a small region of explosive at the edge of the impact zone.

The dzsh lines in Table 2 indicate an absence of data due to failure of the arrival time circuitry used
to measurs: projectile velocity.

In Table 3, the dash lines indicate a lack of data for various reasons; failure of the velocity pin
circuitry, malfunctioning of the framing camera shutter or mistiming of the explosive light source used
to illuminate the explosive target.

3. RESULTS

As can be seen from the data in Table 3, many of our tests did not have good impact simultaneity of
the flyer plate on the surface of the explosive target. Also, in many of the tests, we were not able to
observe the impact, due to experimental problems. For the impacts that we were able to observe, we did
not see any obvious sign of explosive reaction such as light emissicn or the expulsion of reaction products
from the region of impact. In all cases, the explosive in the impacted region became darker in about
4-6 ps; after this, the darkness did not appear to increase during the available time of observatior, about
15 ps. However the darkness did appear to increase with the impact pressure. For some of the shots
(No. 14 vs. No. 19 and No. 18 vs. No. 24), we were able to compare shear and nonshear tests at pressures
which were nearly equal; the presence or absence of shear did not appear to have an effect on explosive
darkening.

10




For shot No. 25, the explosive Larget consisted of a 0.5-mm cast sheet of Pentolite explosive in which

the grain boundaries were very prominent. Upon impact at 0.68 GPa the grain boundaries were noticeably

darker than the rest of the explosive for several microseconds and then the entire impacted region became
uniformly dark.

Since we were not able to tell if the explosive darkening meant that reaction was occurring, we tried
to detect IR radiation by using a photovoltaic silicon photodiode that was sensitive to wavelengths from
the visible to the near IR (300 nm to 1,100 nm). Two longpass IR filters were used in tandem in front
of the photodiode in order to attenuate the visible light from the argon bombs by a factor of 10 billion;
the cut on wavelength was 785 nm. The filters and photodetector were shielded frorn stray light by
enclosing them within a phenolic tube which was pointed toward the impacted surface of the explosive
sample as shown in Figure 3. The photodetector viewed a small region on the edge of the impact area.
For shot No. 29, the argon bombs did not function and the photodiode did not detect any signal during
6 ms of observation. For shot No. 30, the argon bombs functioned and the photodiode detected a signal
but it corresponded to the tum on of light {rom the argon bombs before the flyer plate even impacted the
explosive target.

Several shots were fired for which the rear surface (the surface facing the camera) of the explosive
was marked beforehand with fine lines using a permanent marker. The lines appeared to remain
undistorted during the time of obsarvation, even though the impacted area of the explosive became dark.
This was true even at an impact pressure of 1.02 GPa, shot No. 24.

Examination of the debris recovered after the shot did not reveal any cvidence of explosive reaction
having occurred. The flyer plate did not have any carbon residue or other indications of explosive
reaction:. The explosive within the impact zone was broken into small irregular fragments. The anvil was
gencrally shatieicd into many small pieces. The projectile and most of the debris from the impact zone
ended vp embedded in the rags within the catcher tank,

4. DISCUSSION

We were surprised that we were unable to detect any obvious sign of explosive reaction for Detasheet
since, in the paper previously mentioned (Boyle, Frey, and Blake 1989), we were able to cause Detasheet
to react under what appeared to be a milder stimulus, 0.2-GPa pressure and a shear velocity of 60 m/s.

11




The duration of those tests was about 500 ps, whereas the tests reportzd here would be terminated when
release waves originating at the boundary of the flyer plate reached the axis, a iime of about 15 ps. The
longer duration of those earlier tests may have allowed the explusive to reach temperatures required for
reaction. Also, in those earlier tests a cylinder of explosive was slid along a boundary of either steel or
explosive causing the explosive temperature to increasc due 1¢ viscoplastic heating. The shear may have
become more localized in those earlier tests due to greater thermal softening of the explosive at the peak
temperature region within the shear band. The concentration of shear motion in a narrow region would
increase the strain rate and the peak temperature.

In our current tests, if the strain rate is uniform across the target plate, the temperature increase in the
target plate can be expressed by the formula,

AT = (v [de/d1}? + Y [de/dt] ) vpc ,

AT = temperatere increase (°C)

v viscosity (poise)

de/dt = strain rate (1/s)

t = time duration {s)

p = density (g/cm’)

¢ = specific heat (ergs/g-°C)

Y = yield stress in shear (dynes/cm?).

For the experiments reported here, the strain rute of the explosive is a function of its thickness, viscosity,
and yield strength, as well as the component of the flyer plate velocity parallel to the explosive surface,
and the material properties of the flyer plate and anvil; this relationship is indicated in equations B4-B10
in Appendix B. Using this relationship, we computed the strain rates corresponding to a range of
explosive viscosities and yicld strengths for shot No. 26. We then used equation 5 to calculate the
corresponding temperature increase, assuming a time duration of 15 ps, an explosive density of

1.48 glcm’. and a specific heat of 1.25 x 10’ ergs/g-°C. Figure 4 shows the temperature increase in the
explosive target as a function of its viscosity and yield strength. It can be seen that the calculated

iemperature increase, over a wide range of viscosity and yield strength, is no greater than 116° C. We
would not expect to see evidence of explosive reaction in our experiment at such a low temperature,

12
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Figure 4. The temperature increase in an explosive target plotted as a function of viscosity
and yield strength of the explosive. The sample thickness is 0.06 cm, and the
transverse component of the flver plate velocity is 7,650 cm/s,
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We can use Frank-Kamentskii’s equation for the adiabatic explosion time (AMCP 706-180, 1972) to
calculate the temperature required to produce a thermal explosion in 15 ps. We used the following data
for PETN (Rogers 1975) for the required input parameters:

Specific heat 1.25 x 107 ergs/g-°C
Gas constant 8.31 x 107 ergs/g-mol-°C
Early heat of reaction 1.26 x 10'0 ergs/g
Frequency factor 6.3 x 10'%s

Activation energy 1.97 x 10'2 ergs/g-mol

The calculated temperature for a thermal explosion time of 15 ps is 8§18 K, which corresponds to a
temperature increase of 525° C. This temperature increase is much higher than those calculated for the
perallel/oblique experiments. Taking 116° C as the maximum calculated temperature increase for the
parallel/oblique tests, the time required for an adiabatic explosion would be 2.4 x 108 s.

In addition, the strain rate (and temperature increase) may have been limited by the explosive sample
sliding at one or both of the interfaces with the flyer plate and anvil. The surface of the glass anvil had
a commercial polish finish of 10 fringes per inch, and the steel target plate had a machined surface finish
with roughness of 16 pin rms. Any future tests should address the possibility of slippage at these
interfaces. A suggested approach would be to increase the traction by surface roughening. Also, the anvil
consisted of glass plies laminated together by polyvinyl butyryl plies. In order to avoid the possibility of
shear localization occurring in the polyvinyl butyryl, a single piece of thick glass could be used.

The steel flyer plate used in our tests had a yield strength of about 0.5 GPa, but we did not see any
evidence of yielding on the face of the recovered flyer plate. Such yielding, if present, would decrease
the impact pressure by a small amount. In order io avoid this possibility, a hardcned steel flyer plate
should be used for future tests.

The most direct means of increasing the temperature of the explosive sample is to increase its strain
rate by increasing the velocity of the impacting projectile, decreasing the sample thickness, or doing both,
It is instructive to calculate the temperature increase that would be expected using the data of shot No. 26
and varying the impacting velocity and the explosive sample thickness over a range of explosive
viscosities. The yield strength of the explosive is assumed to be 0.35 x 10 dynes/cm?. Figures S and 6
show the calculated temperature increases for several sampie thicknesses and impacting velocities.
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APPENDIX A:

DETAILS OF GAS GUN AND PROJECTILE \
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The gas gun used for these tests was machined from 4140 steel and tempered to 35 on the Rockwell
C scale. The barrel had the following basic dimensions:

length = 70 in
outside diameter = 7.750 in
bore diameter = 5.940 in.

A 1/4-in x 1/4-in x 70-in keyway was machined along the bore of the barrel in order to prevent
rotation of the keyed projectile since rotation of projectiles having angled flyer plates could cause
nonsimultaneous impact to occur. The gun had a wraparound breech of approximately 1,044-in® volume;
the breech section was 24 in long and had an outside diameter of 14 in. The overall length of the
assembled gun was 91 in, The total weight of the gun was about 1,500 1b.

The projectile consisted of a polyethylene body to which the flyer plate was bolted. It had the
following characteristics:

body length = 12 in

body diameter = 5.925 in

flyer plate thickness = 2 in

flyer plate diameter = 5,75 in

total projectile weight = 15.4 Ib to 22.9 1b.

The projectile had two O-rings (Parker 2-432) which served to seal against the high pressure nitrogen gas
contained in the wraparound breech as shown in Figure A-1. When a small pressure is introduced through
valve A, the projectile is displaced from its initial position and uncovers four large porholes connecting
the wraparound breech to the gun bore. The high pressure breech gas which dumps behind the projectile
causes it to accelerate rapidly. The O-rings were fitied against the gun bore with a 10% squeeze. For the
tests reported here, the lowest velocity was obtained with a breech pressure of 125 psi and the highest with
a breech pressure of 1,300 psi. We were not able to presstrize the breech beyond 1,300 psi due to
leaks—probably past the O-rings.
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APPENDIX B:

EVALUATION OF THE STRAIN RATE
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Notation:

S, = shear stress in projectile, dym:s/cm2

S, = shear stress in target (explosive), dynes/cm?

S, = shear stress in anvil, dynes/cm?

v = viscosity of explosive, poise

Y = yield strength of explosive, dynes/cm?

G, = shear modulus of projectile, dynes/cm?

G, = shear modulus of anvil, dynes/cm?

C, = elastic shear wave speed in projectile, cm/s

C, = elastic shear wave speed in anvil, cm/s

V, = initial component projectile velocity parallel to the interface, cm/s

V, = component of projectile velocity parallel to the interface after impact, cm/s
V3 = component of anvil velocity parallel to the interface after impact, cm/s
g, = shear strain in the projectile, cm/cm

&, = shear strain in the anvil, cm/cm

1 = thickness of the target plate, cm,
€, = shear strain rate in the target, s™*

where

G, (stzel) = 7.68 x 10! dynes/cm®

G, (alum.) = 2.78 x 10! dynes/em?
G, (glass) = 2.65 x 10! dynes/cm?
C, (steel) = 3.12 x 10° cm/s

C, (alum.) = 3.16 x 10° cm/s

C, (glass) = 3.45 x 10° cm/s.

To evaluate the strain rate in the target, we make the following assumptions:

(1) After a few reverberations of the wave back and forth actoss the target layer, the shear in the
target plate is homogeneous; i.e., there is no strain localization. This assumption gives the lowest possible
sirain rate. We will analyze this situation and will not consider the transient that exists before the
homogeneous state is attained.




(2) The stress and particle velocity are continuous at the interfaces.
(3) The projectile and the anvil respond elastically, so that

S3 = 0393 . (BZ)

(4) The explosive obeys the following very simple constitutive relation:

S$;=Y+veEy=Y+V(V-Vy /1. (B3)

We recognize that real materials will have more complex behavior.

(5) We ignore heating of the layer and variations in the viscosity or the yield strength with
temperature.

With these assumptions, the transverse velocity (the component parallel to the interfaces) varies as
shown schematically in Figure B-1. A shock moves back into the projectile and reduces its transverse
velocity from V, to V,. A shock moves to the right in the anvil and increases its transverse velocity from
0to V4. Within the target layer, the velocity varies linearly from V, to V5. The shear strain in the anvil

is

A\
€y = —> . (B4)
o
The shear strain in the projectile is
V.-V
€ = 'Cl . (BS)
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Figure B-1. The transverse velocity (the component parallel to the interfaces) in the flyer plate,
explosive target, and the anvil after impact.

The shear strain rate in the target is

&= (Vi-Vy) /1. (B6)

At the interfaces, the stress is continuous, so the following equations hold:

Ga(Vs)/CSIV(vl-V3)!T+Y. (88)
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Solving for V, and V, gives the following result:

e[Sy oy S Syy]/[O,y O
Gl Y m et/ it

] ' (hy)

e
Ay

and

V, = .g_:. (v~ ) g% . )
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We can calculate the impact pressure produced when a flyer plate strikes an anvil. We assume that
the impact remains elastic. After impact, the pressure in the flyer plate and the anvil are equal at the
interface and the interface has a common particle velocity. The following notation af nlies:

V,, = normal component of flyer plate velocity, cm/s

y; = interface particle velocity, cm/s

p, = density of anvil, g/cm’

p¢ = density of flyer plate, g/cm3

U, = elastic longitudinal wave speed in anvil, cm/s

U; = elastic longitudinal wave speed in flyer plate, cm/s
P, = pressure in anvil, dynes/cm?

P; = pressure in flyer plate, dynes/cm?

P; = interface pressure, dynes/cm?

P, = pressure in explosive, dynes/cm?.

After impact, an elastic wave of velocity U, propagates into the anvil and an elastic wave of velocity U
propagates into the flyer plate. The anvil undergoes a change in particle velocity (u; ~ 0), and the flyer
plaie particle velocity undergoes a change (V,, — ;). By the laws of conservation of mass and momentum
across the elastic wave, we can write:

P. = p‘U. (ui - 0) and Pf = prf (Vn - ui) . (Cl)
At the interface P, = P,, Therefore we can write:

PaUY; = peUp (V= ).

Thig can be solvad for u;:
Uy = prfvn / (plUl + P[Uf) . (€2)

Then, since we assumed that P, = P, = P = P, we can write:
Py = Py = pUptUrVe / (pU, + g (C3)

The impact of the flyer platc on the anvil is illustrated in Figure C-1, which shows the elastic equation
of siate In the pressurc-particle velocity plane.,
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